Abstract. Hemodynamics is thought to play a major role in heart development, yet tools to quantitatively assess hemodynamics in the embryo are sorely lacking. The especially challenging analysis of hemodynamics in the early embryo requires new technology. Small changes in blood flow could indicate when anomalies are initiated even before structural changes can be detected. Furthermore, small changes in the early embryo that affect blood flow could lead to profound abnormalities at later stages. We present a demonstration of 4-D Doppler optical coherence tomography (OCT) imaging of structure and flow, and present several new hemodynamic measurements on embryonic avian hearts at early stages prior to the formation of the four chambers. Using 4-D data, pulsed Doppler measurements could accurately be attained in the inflow and outflow of the heart tube. Also, by employing an enface slice from the 4-D Doppler image set, measurements of stroke volume and cardiac output are obtained without the need to determine absolute velocity. Finally, an image plane orthogonal to the blood flow is used to determine shear stress by calculating the velocity gradient normal to the endocardium. Hemodynamic measurements will be crucial to identifying genetic and environmental factors that lead to congenital heart defects. C 2010 Society of Photo-Optical Instrumentation Engineers.
Introduction
Blood flow is vital for nutrient and O 2 delivery to tissue, but also influences gene expression through mechanical stimulation, which is crucial in the developmental process in the early embryonic heart. 1, 2 Identifying the genesis and following steps leading to congenital heart defects has been difficult. Closely monitoring blood flow in early development may provide clues to identifying the etiology of congenital heart defects. For example, certain septal defects in the four-chambered heart may originate from improper gene expression caused by altered blood flow-induced shear stresses on the endocardium in the tubular heart. 1 Because of the importance of blood flow in regulating heart development, it is essential to develop tools to monitor and analyze hemodynamics.
Optical coherence tomography (OCT) has shown great potential in imaging the developing heart. [3] [4] [5] [6] [7] [8] [9] Many cardiac OCT measurements can now be used to assess embryonic heart function. In particular, hemodynamic measurements possess the potential to accurately measure blood velocity, blood flow, and shear stress on the endocardium of the developing heart tube. Davis et al. made pulsed Doppler measurements in the outflow tract of early-stage chicken embryos by taking M-scans. 4 The shape of pulsed Doppler OCT waveforms are independent of the absolute velocity of blood flow, and therefore do not depend on the incident angle of OCT illumination. This simplifies their use for analyzing cardiac function. Measuring pulsed Doppler in the heart using M-scans can be difficult to align due to the constant heart movement and the inability to visualize the heart in three dimensions. By taking a 4-D dataset, not only can one assure pulsed Doppler measurements from the middle of the heart tube, but multiple measurements can be made along the tube. The pulsed Doppler waveform at the inflow of the heart tube differs greatly from the outflow waveform. Davis et al. also indirectly measured flow and shear rate in the vitelline vessels of a chick embryo. 6 However, 4-D imaging is needed to make direct measurements of flow and shear rate in the 3-D complex heart tube. Venneman et al. measured shear stress in the embryonic avian heart using microparticle image velocimetry (μPIV) on a series of 2-D images. 10 To analyze the effect of shear stress on the entire endocardium, a volumetric dataset is needed to accurately assess the velocity gradient normal to the heart wall. Recently, we developed gated OCT imaging to image the embryonic heart in 4-D. 7 Here, we present 4-D images of blood flow that enable hemodynamic measurements within the heart.
We demonstrate hemodynamic measurements made on an embryonic avian heart using 4-D Doppler OCT data, in which the velocity data have been unwrapped using a Goldstein algorithm. 6, 11 Using 4-D data, pulsed Doppler measurements were obtained at several locations within the heart tube simultaneously to assess regions of interest. Also, by enabling measurement of blood flow through an en-face slice, 4-D Doppler OCT allows the measurement of stroke volume and cardiac output without the need to determine absolute velocity. Finally, 4-D Doppler OCT makes possible the selection of image planes orthogonal to the blood flow to determine shear stress by calculating the velocity gradient normal to the endocardium.
Methods
To acquire 4-D Doppler OCT images, fertilized quail eggs were incubated in a humidified, forced draft incubator at 38
• C. At 48 h of development, eggs were taken out of the incubator, the eggshells were removed, and the contents were cultured in sterilized 3.5-cm-diam Petri dishes inside an environmentally controlled OCT imaging chamber. The imaging chamber controlled temperature (38 o C) and humidity are essential to ensure imaging under near-physiological conditions. The OCT system employed a buffered Fourier domain mode locked (FDML)-laser 3 operating at a 117-kHz line rate. The resolution (axial and lateral) of the system was ∼10 μm in air. 4-D gated datasets were collected by imaging over multiple heartbeats at each slice location, and assembling the data in postprocessing, as described previously. 7 All final datasets consisted of 60 volumes per heartbeat. To accommodate Doppler imaging, OCT A-scans were recorded at 1.3-μm steps in the B-scan direction. A fiveline rolling average was applied to the Doppler data to reduce noise. A calibration interferometer was used both to resample the data evenly in wave number and to improve the Doppler signal by correcting for small fluctuations in sweep progression. A Goldstein algorithm was utilized to unwrap the Doppler data. 6, 11 Signal processing and image visualization was carried out using Matlab (The MathWorks, Natick, Massachusetts) and Amira (Visage Imaging GmbH, Berlin, Germany). We obtained pulsed Doppler waveforms from arbitrary locations in the heart tube by selecting fixed small windows (5×5 pixels) at approximately the center of the tube at locations of interest along the tube. The pixels in the window were utilized to compute the pulsed Doppler waveform in the same way as using a line segment in pulsed Doppler ultrasound.
We measured stroke volume as the volume of blood pumped by one heart beat, and cardiac output as blood volume pumped per unit time. Stroke volume and cardiac output can be obtained by computing the flow past a defined plane over a heart cycle, which can be achieved using a 4-D Doppler dataset. The velocity component perpendicular to the slice is needed to compute flow. By choosing an en-face slice, the perpendicular velocity component is directly measured by the OCT system and there is no need to find the absolute velocity. 12 Unlike measurements of shear stress in the heart, stroke volume and cardiac output can be easily obtained from a group of en-face slices without the laborious task of correcting the velocity for angle of incidence. The velocity profile was integrated over the area of the lumen to yield flow, and flow was integrated over time to yield flow per heart beat or stroke volume. Cardiac output was calculated by multiplying stroke volume and heart rate. We calculated shear stress as τ = ηdu/dn, where η is the dynamic viscosity of the blood and du/dn is the wall-normal velocity gradient or the shear rate. Here, the blood is assumed to be Newtonian (no-slip condition at the endocardium). 10 Blood flow in the looping avian heart is dominated by viscous forces and is laminar, not turbulent, due to a low Reynolds and Womersley number. 10 Like previous μPIV measurements of shear stress, the dynamic viscosity was approximated at 5 mPa s. 10 To calculate the velocity normal to the endocardium, oblique slices normal to the direction of flow were manually selected [see Fig. 1(a) ] at specific time points by observing both the structural and Doppler data. The velocity was corrected for angle of incidence by calculating the angle between the perpendicular slice normal and the incident light vector. For each observed time point, the oblique slices normal to the blood flow and angle of incidence were recalculated. Next, the blood endocardium interface was identified using the structural images. The Doppler image was smoothed using a median filter, and the velocity profile normal to the endocardium [see Fig. 1(b) ] was employed to calculate du/dn. The velocity gradient was computed utilizing the linear portion (approximately 25 μm) of the velocity profile adjacent to the wall. Finally, shear stress was computed by multiplying du/dn and dynamic viscosity.
Results and Discussion
For this demonstration, two stage-14 quail embryos were imaged as described before. At this stage, the heart is a looped tube where the caudal portion of the tube is beginning to move cranially. 13 Figure 2 shows pulsed waveforms collected from the inflow and outflow of one of the stage-14 quail embryos. The 4-D dataset allows one to choose multiple points along the heart tube to examine cardiac function. The shape of the waveform changes significantly from the inflow to the outflow of the developing tube. The inflow pulse has the two peaks characteristic of venous flow, while the outflow has a single peak characteristic of arterial flow.
14 When observing cardiac anomalies, pulsed waveforms from both the inflow and outflow may allow investigators a more complete picture of the mechanism underlying the anomaly. For example, large retrograde flow in the outflow of the tube may be caused by poor filling in the inflow. Although the same data can be collected by performing two separate M-scans, with the heart in constant motion it is difficult to select the appropriate region to obtain the pulsed Doppler measurement. A 4-D dataset Fig. 2 Pulsed Doppler. The pulsed Doppler waveform at the inflow of the heart tube is distinctly different from the outflow waveform. The 4-D Doppler dataset enabled us to obtain pulsed Doppler traces at any location along the heart tube, which allowed easy access to multiple areas of interest. 4-D Doppler also overcomes the difficulty in selecting appropriate regions to perform M-scans in the beating heart. The top panel represents a waveform taken from the inflow of the heart tube, while the bottom panel is from the outflow of the heart tube. The inflow pulse has the two peaks characteristic of venous flow, while the outflow has a single peak characteristic of arterial flow.
allows one to select a pulsed Doppler signal from a location that maintains a position near the center of the lumen throughout the heartbeat, with minimal distortion of the waveform.
Video 1 shows a volume rendering of blood flowing through the heart tube over a heart cycle. Color Doppler is overlaid on the structural image, where blue represents blood moving toward the incident beam of light and red represents blood moving away. The movie also includes the pulsed Doppler traces from the inflow and outflow with a scrolling line matching the phase of the pulsed Doppler waveform with the corresponding cardiac volume. The movie allows one to visualize the interplay between movement of the heart walls and blood flow. In Table 1 , the hemodynamics of the two stage-14 quail embryo hearts are summarized quantitatively. Heart rate, stage, and maximum velocity are presented for each heart. The maximum velocity measurement is consistent with echocardiography measurements of maximum velocity on similar stage embryos (data from collaborator Linask not shown). 15 4-D image sets allowed us to measure velocity along the heart tube. The average cardiac output and stroke volume of the two stage-14 hearts was 0.123 μL/s and 0.039 μL. The average maximum shear rates and stresses were higher in the outflow (1678 1/s and 8.4 Pa) than the inflow (555 1/s and 2.8 Pa) of the heart tube. The maximum shear stress we report is slightly higher than previous measurements using μPIV (5 Pa) on stage-15 chick embryos, 10 which may be due to the fact that OCT could measure shear stress on volumetric data.
Conclusions
We present 4-D OCT Doppler imaging of an embryonic heart. The Doppler data are unwrapped using a Goldstein algorithm. 6, 11 The 4-D data allow us to examine hemodynamic differences between the inflow and outflow of the heart tube (maximum velocity, shear rate, etc.). Pulsed Doppler waveforms show significantly different hemodynamic measurements at different locations along the heart tube. 4-D Doppler also overcomes the difficulty in selecting appropriate regions to perform M-scans in the beating heart. Also, we use a simple method to measure cardiac output and stroke volume that is enabled by a 4-D image set. Finally, the 4-D Doppler data allow us to select orthogonal slices to the heart tube and compute shear rate and shear stress. With this method we will be able to collect typical hemodynamic levels in embryos over several key stages of development to establish what constitutes normal versus abnormal heart development.
